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In t roduc t ion  

Dry-1 imestone i n j e c t i o n  p r o v i d e s  an economically a t t r a c t i v e  means f o r  SO2 emissions 
c o n t r o l  i n  p u l v e r i z e d - c o a l - f i r e d  (P.c.) u t i l i t y  bo i l e rs .  The process i s  espec ia l l y  
a t t r a c t i v e  as a r e t r o f i t  f o r  o l d e r  b o i l e r s  because o f  the p o t e n t i a l l y  low cap i ta l  
c o s t s  r e l a t i v e  t o  o t h e r  SO2 con t ro l  technologies (1 ) .  i n  add i t ion ,  the  raw mater ia l  
i s  r e a d i l y  a v a i l a b l e  and r e l a t i v e l y  i n e x p e n s i v e  ( 2 ) .  E a r l y  demonstration tes ts ,  
however, met w i t h  l i t t l e  success. For example, acceptable l e v e l s  o f  SO removal could 
no t  be achieved. even wi th a l a r g e  s to ich iomet r ic  excess of l imestone (3 ) .  
I n  an a t t e m p t  t o  enhance t h e  captu.re o f  502, r e s e a r c h  has been conducted under 
c o n d i t i o n s  r e p r e s e n t a t i v e  o f  f u l l - sca le  systems (4.5). Fundamental experimental and 
t h e o r e t i c a l  r e s e a r c h  has a l so  been undertaken t o  examine the k i n e t i c s  o f  ca l c ina t i on  
and s u l f a t i o n  (6-11). 

The present  e f f o r t  was undertaken t o  i nves t i ga te  the  cond i t ions  which w i l l  opt imize 
SO2 removal f rom f l u e  gases by calcium-based dry  sorbent i n j e c t i o n .  The cond i t ions  
e x p l o r e d  included tfme, temperature, and sorbent type and preparat ion.  Sorbents were 
i n j e c t e d  under  e x p e r i m e n t a l  c o n d i t i o n s  which simulated, bu t  d i d  no t  dupl icate,  the 
e n v i r o n m e n t  o f  a p.c. u t i l i t y  b o i l e r .  The goa l  was t o  p r o v i d e  an environment 
r e p r e s e n t a t i v e  o f  la rge-sca le  systems, bu t  simultaneously we l l  character ized, uniform 
and reproducible.  

The approach t o  the present study was t o  u t i l i z e  a labora tory -sca le  apparatus t o  stuW 
t h e  s u l f u r  capture redc t i on  CaO t SO2 t 0.5 02 -CaSO4 under isothermal condi t ions i n  
a flame-gas env i ronment  des igned t o  s i m u l a t e  t h e  r a d i a n t  zone o f  a p.c. b o i l e r .  
Powdered sorbents were i n j e c t e d  and dispersed i n t o  a f l ow  reac tor  doped w i th  3600 ppm 
SO2 and d o w n - f i r e d  by  a f l a t - f l a m e  burner which provided residence times near 1.5 s 
f o r  tempera tures  f r o m  900-1200°C. SOP so rp t i on  was measured as a func t ion  of time, 
temperature, and sorbent cha rac te r i s t i cs .  

Experimental 

Reactor .  The r e a c t o r  i z  a dispersed-phase Isothermal Flow Reactor ( ITR).  The ITR 
prOv1deS a r e l a t i v e l y  l o n g  (up  t o  3.0 s) isothermal zone i n  which sorbent chemistry 
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Can be s t u d i e d  as a func t i on  o f  time, temperature, and environment. This reac to r  i s  
unique because i t  provides a l a r g e  volume f o r  d ispersa l  o f  sorbents a t  reasonable feed 
r a t e s .  T h i s  i s  necessa ry  t o  p e r m i t  s o l i d s  sampl ing f o r  chemical ana lys i s  w i t h i n  
p rac t i ca l  t ime frames. 

The ITR (F igure 1 )  i s  an e l e c t r i c a l l y  heated, gas-downfired drop-tube furnace. I t has 
a heated l e n g t h  o f  90 cm and accommodates a 10-cm diameter alumina reac t i on  tube. 
H e a t i n g  i s  p r o v i d e d  by s i l i c o n  c a r b i d e  g l o b a r s  l o c a t e d  i n  t h r e e  i n d e p e n d e n t l y  
r e g u l a t e d  h e a t i n g  zones 22.5- 45- and 22.5-cm l o n g .  The ITR has a maximum wa l l  
temperature o f  1500oC. 

The I T R  i s  d o w n f i r e d  b y  a porous bronze p l u g  wa te r -coo led  f l a t - f l a m e  bu rne r .  
Limestone was i n j e c t e d  i n t o  the  ITR along the ax i s  o f  the reactor  through the burner. 
The l imestones were i n j e c t e d  from a 1.1-mn i.d. tube, which produced a t u r b u l e n t  j e t ,  
e f f e c t i v e l y  d i s p e r s i n g  t h e  m a t e r i a l s  o v e r  a wide c r o s s  s e c t i o n  o f  t h e . r e a c t o r .  
Residence t imes  and h e a t i n g  r a t e s  o f  t h e  p a r t i c l e  streams were ca l cu la ted  based on 
c o n f i n e d  j e t  m i x i n g  t h e o r y  ( 1 2 )  and c o n v e c t i v e  and r a d i a t i v e  heat  t r a n s f e r  
c a l c u l a t i o n s .  Hea t ing  ra tes  were on the order o f  lo4  K/s and t o t a l  (end o f  r e a c t o r )  
res idence  t imes  o f  1.2 - 1.6 s were employed i n  t h e  exper imen ts  desc r ibed  here. 
S o l i d s  s a m p l i n g  f rom t h e  ITR was accompl ished w i t h  an i s o k i n e t i c  wa te r -coo led  
s t a i n l e s s  s tee l  probe. Sorbents were quenched r a p i d l y  and c o l l e c t e d  on a g lass f i b e r  
f i l t e r  l o c a t e d  a t  t he  base o f  the probe. The probe i s  1.2 m long and enables sample 
c o l l e c t i o n  w i t h i n  40 cm o f  tne sorbent i n j e c t i o n  l oca t i on .  

Temperature p r o f i l e s  i n  t h e  ITK a r e  snown i n  F igure 2. Temperatures were measured 
u s i n g  a 0.025-mm d i a m e t e r  b u t t - w e l d e d  suppor ted  t ype  S thermocouple.  Radiat ion 
c o r r e c t i o n s  t o  the thermocouple readings were appl ied on ly  f o r  non-isothermal reac to r  
c o n d i t i o n s ,  otherwise the co r rec t i ons  were smal ler  than +5OK. The p r o f i l e s  i n  F igure 
2 a r e  a l l  f o r  hydrogen-a i r  flames. Methane was the fueT used f o r  flame temperatures 
above 135OOC.. 

Sorbents .  Limestone samples evaluated i n  t h i s  study are l i s t e d  i n  Table 1. Each was 
c h a r a c t e r i z e d  b o t h  b e f o r e  and a f t e r  i n j e c t i o n  u s i n g  several a n a l y t i c a l  techniques 
which a re  l i s t e d  i n  Tab ls  2. Most o f  the raw mdte r ia l s  were analyzed f o r  chemical 
composition, p a r t i c l e  s i z e  d i s t r i b u t i o n ,  and s p e c i f i c  surface area. Samples c o l l e c t e d  
f rom the r e a c t o r s  were ana lyzed  f o r  carbon (carbonate), hydrogen (hydroxide), t o t a l  
s u l f u r  ( s u l f a t e )  and t o t a l  calcium. From these measurements the ex ten t  o f  c a l c i n a t i o n  
and calcium u t i l i z a t i o n  (percent  ca lc ium as s u l f a t e )  were determined f o r  most samples. 
I n  a d d i t i o n ,  t h e  p r e c a l c i n e d  d o l o m i t e  (060) and precalc ined Vicron 45-3 (V40) were 
c h a r a c t e r i z e d  by s p e c i f i c  s u r f a c e  area and pore s i z e  d i s t r i b u t i o n  before and a f t e r  
i n j e c t i o n  i n t o  the reactor .  

V i c r o n  45-3 and D3002 served,  respect ive ly .  as the basel ine c a l c i t e  and dolomite i n  
t h i s  stuay. They both are comparable i n  mean size, s p e c i f i c  surface area and both are 
h i g h - p u r i t y  m i n e r a l s .  It was from these l imestones t h a t  the V40 and 060 precalc ines 
were produced. Surface areas i nd i ca ted  f o r  the precalc ines are t y p i c a l .  However, the 
m a t e r i a l s  were produced i n  sma l l  ba tches  and surface areas va r ied  between batches. 
The type S mater ia l  i s  a pressure-slaked do lomi t i c  l ime.  
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I Table 1. PHYSICAL AND CHEMICAL PROPERTIES OF LIMESTONE SORBENTS 

Chemical Analysis.  
Mean Surface wt% 
Size, Area 

Mater ia l  Composi t l o n  m m2/ g Ca Mg 

Vicron 45-3 CaC03 11 0.6 39 .o 0.49 
03002 Dolomite CaC03-MgC03 10 0.54 24.8 11.3 
D60 Precalc ine Ca0-Mg0 -- 60.67 --- -_- 
V40 Precalc ine CaO -- 41.45 --- --- 
Type S (Warner) Ca(OH)7-Mg(OH)2 1.0 18.20 28.0 15.9 

- - - -  

I Table 2. ANALYTlCAL PROCEDURES 

PROCEDURES 

Brunauer, Emnetr, T e l l e r  
U2 absorp t ion  isotherm 

Pekin-Elmer 2406 

DETEHMINATiON 

Spec i f i c  Surface Area 

Carbon, hydrogen det. e x t e n t  
o f  ca l c ina t i on ,  hydra t ion  

Leco SC32 Total  Su l fu r  

ASTM D2795 Total  Calcium 
Chelometric T r i t r a t i o n  

I Sedigraph (X-ray 
sedimentation) 

P a r t i c l e  s i z e  d i s t r i b u t i o n ,  
mean s i z e  

Mercury i ns r rus ion  Pore s i z e  d i s t r i b u t i o n ,  t r u e  
por is imet ry  poros i ty ,  po ros i t y  d i s t r i b u t i o r  

Results 

\ 

I 
k 

. 
Calc ium u t i l i z a t i o n  was measured as a func t i on  o f  residence t i m r  i n  the  isothermal 
reac tor  ( ITR) f o r  t h e  f i v e  sorbents a t  temperatures of 900, 1000, 1100 and 12OO0C. i n  
each case t h e  i n i t i a l  SO2 c o n c e n t r a t i o n  i n  the  burned gases was 3600 ppm and the 
s o r b e n t  feed r a t e  was a d j u s t e d  t o  ensure a ca lc ium- to-su l fu r  r a t i o  (Ca/S) l ess  than 
1.0 SO t h a t  the  measured ca lc ium u t i l i z a t i o n  would no t  be a f fec ted  by SO2 dep le t ion  i n  
the  reactor.  

Sorbent Reac t i v i t y  Ranking. A t  900°C (F igure  3 )  the  capture l e v e l s  o f  the precalc ines 
and t ype  S are a11 grea ter  than those o f  the raw sorbents, D3002 and Vicron 45-3. I n  
p a r t ,  t h i s  i s  due t o  the t ime requ i red  for the  raw sorbents t o  ca lc ine .  A t  1.6 s, the 
D3002 i s  s t i l l  t ak ing  up SO2 whi le  the V40 cdpture p r o f i l e  has l eve led  o f f .  The type 
S s o r b e n t  h a s  a l o w e r  c a l c i n a t i o n  t e m p e r a t u r e  as well as a l e s s  endothermic  
C a l c i n a t i o n  r e a c t i o n  t h a n  t h e  raw sorbents .  It may i n  f a c t  ca l c ine  so qu ick ly  a t  
900°c t h a t  t h e  c a l c i n a t i o n  reac t i on  presents no impediment t o  su l fa t i on .  S i m i l a r i t y  
i n  the  r e a c t i v i t i e s  o f  060 and t ype  S m i g h t  be an i n d i c a t i o n  o f  the surface area 
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a t t a i n e d  by t h e  t ype  S m a t e r i a l .  
surface area) r a p i o l y  a t  t h i s  temperature. 

The 060 and V40 are n o t  expected t o  s i n t e r  ( l ose  

A t  1OOOOC (F igure 4) the r e l a t i v e  order o f  r e a c t i v i t y  has changed t o  Vicron 45-3 < V40 
< 03002 < 060 < type S. This r e f l e c t s  d l a r g e  increase i n  the r e l a t i v e  r e a c t i v i t y  O f  
03002. A t  1.5 s, t he  c a l c i u m  u t i l i z a t i o n  o f  03002 i s  approaching t h a t  o f  the 060 
precalc ine and from 0.75 s on the V40 remains j u s t  about 10 percent more r e a c t i v e  than 
V i c r o n  45-3. Both o f  t h e  raw s o r b e n t s  e x h i b i t  some de lay  i n  SO u p t a k e  due t o  
c a l c i n a t i o n ,  b u t  it i s  n o t  as severe as t h a t  experienced a t  9OOoC. A31 f i v e  sorbents 
d i sp lay  a dramatic increase i n  r e a c t i v i t y  between 900 and 1OOOoC. 

A t  both 900 and lOOOoC the data suggesr t h a t  SO2 capture occurs r a p i d l y  a t  f i r s t .  The 
r a t e  o f  s u l f a t i o n  then  s lows a b r u p t l y  o r ,  i n  some cases, approaches zero. Pore 
s t r u c t u r e  analyses o f  t h e  060 and V40 precalc ines suggests an explanat ion f o r  t h i s  
behav io r .  The a c t i v e  s u r f a c e  area o f  t h e  p r e c a l c i n e s  was found t o  occur i n  pores 
abou t  80 and 130 Ao i n  diameter f o r  the 060 and V40 precalcines, respec t i ve l y .  These 
p o r e s  rep resen ted  p o r o s i t i e s  o f  0.18 and 0.13 f o r  t h e  two so rben ts .  A f t e r  l o w  
tempera tu re  s u l f a t i o n  ( t o  a v o i d  s i n t e r i n g )  t o  about 25% u t i l i z a t i o n  the p o r o s i t i e s  
were reduced t o  0.15 and 0.08 ana t h e  a c t i v e  pore diameter o f  the s u l f a t e d  V40 was 
reduced t o  about 100 AO. Thus, pore p lugging reduces the a c c e s s i b i l i t y  o f  the a c t i v e  
sorbent surface t o  SO2 thereby reducing the g lobal  s u l f a t i o n  reac t i on  ra te .  

Temperature E f f e c t s .  F i g u r e  5 summarizes t h e  r a n k i n g  o f  r e a c t i v i t y  o f  the f i v e  
so rben ts  as a t u n c t i o n  o f  t empera tu re .  The data shown i n  F igure 5 were taken from 
smootned-by-eye r e a c t i v i t y  p r o f i l e s  a t  the residence t ime o f  1.0 s. There i s  very 
l i t t l d  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  r a n k i n g  i n  F i g u r e  5 because the slopes o f  
c a l c i u m  u t i l i z a t i o n  p r o f i l e s  a l l  were shal low a t  1.0 s. What has n o t  been taken i n t o  
account  i s  t h e  de lay  o f  the onset o f  s u l f a t i o n  f o r  Vicron 45-3 and 03002 due t o  slow 
ca l c ina t i on  a t  900 and 1000°C. Accounting f o r  the delay would a l t e r  rhe shapes o f  the 
t e m p e r a t u r e / u t i l i z a t i o n  p r o f i l e s  somewhat; however, it would no t  be r e f l e c t i v e  o f  the 
u l t i m a t e  r e s u l t  o f  l ow- tempera tu re  i n j e c t i o n  i n t o  a p.c. u t i l i t y  b o i l e r  where 
ca l c ina t i on  times may be a fac to r .  

The mos t  s i g n i f i c a n t  aspec t  o f  F i g u r e  5 i s  t h e  appearance o f  a maximum i n  t h e  
u t i l i z a t i o n  ach ieved  as a func t i on  o f  temperature. The l o c a t i o n  o f  the t r u e  maximum 
appears t o  be very near lOOOoC b u t  may be d i f f e r e n t  f o r  each sorbent. Although such a 
maximum m i g h t  have been p r e d i c t e d  as a r e s u l t  o f  the t radeo f f  between s i n t e r i n g  and 
reac t i on  k i n e t i c s ,  there was no suggestion t h a t  i t  would occur a t  the same temperature 
f o r  f i v e  d i f f e r e n t  sorbents. 

Conclusions 

For simultaneous c a l c i n a t i o n  and s u l f a t i o n  under isothermal condi t ions,  hydroxides and 
p r e c a l c i n e s  had  t h e  g r e a t e s t  i n i t i a l  r e a c t i v i t y .  A t  l o n g e r  t i m e s  and h i g h e r  
t e m p e r a t u r e s ,  however, t h e  advantages o f  p r e c a l c i n e s  d im in i shed .  I n  g e n e r a l ,  
d o l o m i t i c  m a t e r i a l s  were more r e a c t i v e  than c a l c i t i c  stones. The advantage o f  the 
hyd ra ted  d o l o m i t i c  l i m e  may, i n  p a r t ,  have been due t o  a small mean p a r t i c l e  s ize.  
Fo r  a l l  m a t e r i a l s  t h e  o p t i m a l  c a l c i n a t i o n  and s u l f a t i o n  tempera tu re  was 1000°C, 
r e f l e c r i n g  a ba lance o f  s low  r e d c t i o n  k i n e t i c s  a t  lower temperatures ana s i n t e r i n g  
( su r fdce  a rea  l o s s )  a t  h i g h e r  temperatures.  Conversion p r o f i l e s  exh ib i t ed  a Knee, 
s h i f t i n g  from r a p i d  t o  s low o r  ze ro  r a t e  o f  conve rs ion ,  c o n s i s t e n t  w i t t i  measured 
in te rna l  pore plugging due t o  su l fa t i on .  
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Figure 1 .  Schematic of the isothermal reactor with the 
burner and water-cooled probe installed. 
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Figure 2 .  Temperature profiles i n  the isothermal reactor. 
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F i g u r e  3. Ca lc ium u t i l i z a t i o n  p r o f i l e s  f o r  f i v e  sorbents  a t  900°C, 
3600 ppm SO2 
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F igure  4. Ca lc ium u t i l i z a t i o n  p r o f i l e s  f o r  f i v e  sorbents  a t  
1000°C, 3600 pRm SO2. 
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Figure 5 .  Relative levels of calcium ut i l iza t ion  a t  1.0 s by 
f ive  sorbents as a function of isothermal reactor/ 
calcination temperature. 
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